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1. Def in i t ion  o f  Variables 
a = S t roke leng th  [m~] 
b = Width o f  workpiece [mn] 
C = Concentration o f  abrasive grains i n  lapping suspension [ I~I-~]  
Maximum value o f  t o o l  wear contour [mn] 
Average gra in  diameter [mm] 
Maximum value o f  v e r t i c a l  stroke [m] 
Length of contact zone between too l  and workpiece [mn] 
Stroke frequency [s" ] 
Average force per ac t i ve  gra in  [N] 
Specif ic blade load [Nlmn] 
Stroke r a t i o  [-I 
Cutt ing time [t] 
Lapping o r  s l i c i n g  speed [mnls] 
Veloc i ty  o f  contact po in t  between too l  and workpiece [mm/s] 
Siting o f  s i l i c o n  wafers by means o f  mult iple-blade s l u r r y  sawing o f f e r s  a 
gceat po ten t ia l  f o r  increased product iv i ty ,  as demonstrated i n  several ana- 
l y t i c a l  un3 prac t i ca l  inves t iga t ions  performed i n  the  USA and Europe /1,2,3/. 
I n  order t o  r e a l i z e  the combined goals o f  higher p roduc t i v i t y  and reduced 
s l i c i n g  cost, two main prerequis i tes have t o  be met f i r s t :  the construct ion 
of a high-efficiency slurry-saw machine and the funct ional  descr ip t ion  o f  
the technological fundamental s o f  t h i s  p a r t i c u l a r  lapping process. 
I n  the paper, some recent ly  achieved r e s u l t s  concerning the technological fun- 
damentals o f  s l u r r y  sawing w i l l  be nresented. F i r s t ,  a new concept o f  the 
spec i f i c  mater ia l  removal process , ~ d  the re la ted  kinematic and geometric 
contact condi t ions between workpi 2ce and saw blade are described. 3ased here- 
on, the r e s u l t  o f  a funct ional  descr ip t ion  o f  the s l u r r y  sawing process i s  
presented, expressing the  main process c r i t e r i a ,  such as infeed per stroke, 
speci f ic  removal rate, spec i f i c  t o o l  wear, and v e r t i c a l  s t roke in tens i t y ,  i n  
terms o f  the dominating process parameters, such as stroke length, width o f  
workpiece, s t roke frequency, spec i f i c  c u t t i n g  force and s l u r r y  spec i f i ca t ion .  
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The derived process model s contr ibute t o  an improved understanding of the 
s l u r r y  sawing process, and provide a means f o r  improved machine too l  design 
and optimized select ion o f  sawing conditions. This i s  demonstrated i n  the 
f i n a l  part, comparing pract ica l  t es t  resu l ts  w i th  the ana ly t i ca l l y  derived 
process models . 
3. New View on Material Removal i n  Slurrv Sawina 
Conventionally, the process o f  material removal i n  lapping i s  understood as 
a micro-chip formation process, where abrasive par t i c les  s t i c k  t o  the too l  
and are dragged over the work surface, thus removing material by ploughing, 
scratching and regular chip formation. Recent findings, however, show 
c lear l y  tha t  t h i s  k ind o f  a rea l  chip formation process never occurs r ea l l y  
i n  a well  control led lapping operation. I n  the contrary, such an event resu l ts  
i n  an undesired scratch on the work surface, which i s  normally regarded as 
an indicat ion f o r  an i n f e r i o r  working resul t .  The real  material removal pro- 
cess i n  lapping i s  based on a r o l l i n g  act ion o f  the abrasive par t i c les  i n  the 
gap between workpiece and lapping too l  141. This i s  generated by the re l a t i ve  
motion between too l  and work surface and i s  supported by the lapping f luid, 
which forms a l i near  ve loc i ty  f i e l d  characterized by a constant degree of 
shearing. As a consequence, the abrasive grains do ro ta te  even i f  they are 
not i n  contact w i th  the tool and/or work surface, as demonstrated i n  F i  ure 1. % As a resu l t  of t h i s  r o l l  ing action, the edges o f  the i r regu la re ly  shape 
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Fig. 1: Pr inc ip le  o f  grain ro ta t ion  and material removal i n  lapping 141 
grains penetrate i n t o  the work surface a t  an extremely high ra te .  For example, 
a s l u r r y  w i t h  a concentration o f  C = 10000 mn-3, a lapping speed of v = 500 
mn/s and a 30% g ra in  p a r t i c i p a t i o n  fac to r  r e s u l t s  i n  1.5 m i l l i o n  impacts of 
g ra in  edges per second and per square m i l l ime te r  on the work surface. . 
I n  the case o f  d u c t i l e  materials,  l i k e  s tee l  and superalloys, these impacts 
lead t o  a h igh degree o f  p l a s t i c  deformation i n  the respect ive surface laye r  
of the workpiece. As a consequence, the deformabil i t y  o f  the mater ia l  i s  re-  
duced and the hardness i s  increased, both e f f e c t s  based on the p r i n c i p l e  o f  
s t r a i n  hardening. With ongoing impacts and deformatiolls, the y i e l d  strength o f  
the material  i s  exceeded loca l l y ,  and as a r e s u l t  small work p a r t i c l e s  o f  
i r regu lare  geometry are seperated from the work surface and removed out  o f  
the working area by the lappinq f l u i d .  With impact ra tes  as h igh as demon- 
s i ra ted  above, mater ia l  removal ra tes  i n  1 appi ng can reach va1 ues comparable 
t o  precis ion gr ind ing processes. 
I n  case o f  r ig id -hard  materials, such as ceramics, carbides, and s i l i con ,  the  
micro-mechanics o f  the material  removal process i n  lapping i s  even simpler. 
While the ind iv idua l  grains r o l l  over the work surface w i t h  no tendency fo r  
p l a s t i c  deformation a t  a l l ,  compressive s t re .  ses are induced i n t o  the work 
surface, which l o c a l l y  exceed the l i m i t s  of strength o f  t h i s  p a r t i c u l a r  ma- 
t e r i a l .  As a consequence, f lake-type of p a r t i c l e s  break loose from the work 
surface w i t h  no repet ive  p l a s t i c  deformation involved. Due t o  the r i g i d  
character o f  the penetrat ion and seperation process, the volume removed fram 
the work surface by an i n d i v i d u a l l y  impacting edge might be l a rge r  than the 
actual volume o f  penetrat ion o f  the abrasive edge i n t o  the work mater ia l  . 
One spec i f i c  cha rac te r i s t i c  o f  the lapping process i s ,  t h a t  the too l  i s  
also subjected t o  the micro-impacts o f  the abrasive grains, and thus shows a 
ce r ta in  loss, too. This too l  wear can be reduced by select ing saw blades w i t h  
favorable propert ies, such as h igh degree of e l a s t i c  deformabi 1 i ty,  low 
s t r a i n  hardening capabi 1 i ty ,  and high y i e l d  strength. 
I n  the case o f  s l u r r y  sawing o f  s i l i c o n  material ,  the too l  should have a 
s u f f i c i e n t  c a p a b i l i t y  f o r  e l a s t i c / p l a s t i c  react ion. Due t o  the r i g i d  i n t e r -  
ac t ion  between work mater ia l  and abrasive grains, the impact forces need t o  
be damped by means o f  an e l a s t i c / p l a s t i c  i n te rac t i on  between grains and t o o l  
material .  Otherwise, the reac t ive  forces on the gra in  edges themselves would 
be too high, and would r e s u l t  i n  an exessive gra in  wear. 
U t i l i z i n g  t h i s  novel concept o f  mater ia l  removal i n  lapping, i t  i s  possib le 
t o  def ine the numer o f  impacts Nr per u n i t  o f  work surface and time by m u l t i -  
p l y ing  the ccncentrat ion C w i th  the lapping speed v 131: 
N r = K 1 - C - v  [ "m i2  . S-l] (1) 
Assuming a quasi-proportional r e l a t i o n  between the average force PK per ac t i ve  
g ra in  and the amount o f  mater ia l  removed per edge impact, the  t o t a l  amount o f  
mater ia l  removed per u n i t  o f  work surface and per u n i t  of t ime r e s u l t s  to: 
= K . P . N  = K . P  3 2 
"r 2 K r 3 K - ' ' ~  [m /mm / S  1 ( 2  
I n  t h i s  funct ion, which i s  used l a t e r  fo r  der iv ing  the process model funct ions 
f o r s l u r r y  sawing, the p ropgr t i ona l i t y  fac to r  Kj i s  v a l i d  on ly  f o r  a given 
combination o f  work material, too l  material and abrasive material, as ws l l  as 
the par t i cu la r  speci i l c a t  i on o f  the 1 appi ng suspension used. Recent invest1 - 
gations show, tha t  the volume o f  material removed per edge impact does, i n  
rea l  i ty,  not  increase exactly proport ional ly  w i th  the average load per grain. 
but rather shows a s l i g h t l y  degressive increase. The implicat ions o f  t h i s  non- 
1 inear behavior are o f  secondary importance and w i l l  not  be taken i n t o  further 
consideration i n  the context o f  t h i s  paper. 
4. Kinematic and Geometric Conditions o f  Contact between Workpiece and Blade 
F i  ure 2 represents the basic geometric and kinematic conditions of the 9-- s ur ry  sawing process. The indiv idual  saw blade i s  moved back and f o r t h  w i th  
the varying speed v = f (x) , the stroke 1 ength a, and the stroke frequency ns, 
cu t t i ng  i n t o  a block o f  work material w i th  the width b. As a resu l t  of the 
varying cu t t ing  speed, the resu l t ing blade wear i s  uneven versus the length 
o f  contact. A t  po in t  A (upper par t  of F i ~ u r e  2), the s l i c i n g  speed v i s  a t  
i t s  maximum (v = vmx) and so i s  the blade wear. A t  po in t  A" (lower par t  of 
Fiqure 2), the maximum stroke posi t ion i s  reached and the re lated s l i c i ng  
speed becomes zero (v = vmi n = 0) , and i n  accordance w i th  t ' ,  !'s the blade wear 
i s  zero. too. As a resul t ,  a quas i -e l l i p t i c  wear p r o f i l e  i s  formed i n  the 
tool .  This geometric deviat ion from the o r ig ina l  s t ra igh t  too l  p r o f i l e  
bears dramatic consequences f o r  the whole process, as a s imi lar  curved pro- 
f i l e  i s  generated i n  the work surface, exposing a stronger curvature versus 
i t s  en t i re  extension than the too l  p ro f i l e .  Actual ly the two mating p ro f i l e s  
are congruent, because they are bound t o  have ident ica l  tangents i n  t h e i r  
respective points o f  contact. 
Most important f o r  the understanding o f  the s l u r r y  sawing technique, and i n  
strong contrast t o  the conventional concepts, i s  tha t  too l  and wcrkpiece 
actua l ly  have a po in t  contact rather than a l i n e  contact versus the t o t a l  
work width as formerly assumed. 
There are two other spec i f ic  character ist ics o f  the s lu r ry  sawing process, 
which can be derived from Fiaure 2. The f i r s t  one i s  re lated t o  the fact,  
tha t  the contact po in t  (A, A', A") moves w i th  the speed vK o.pposite t o  the 
actual motion o f  the blade indicated by the blade speed v. The second charac- 
t e r i s t i c  re fers  t o  the ve r t i ca l  motion the blade i s  forced t o  make, while the 
blade contour works i t s  way up on the contour o f  the workpiece. This v e r t i -  
ca l  stroke i s  indicated by the ve r t i ca l  blade speed Ve and represented by the 
maximum ver t i ca l  stroke length e va l i d  for the extreme posit ions o f  the saw 
blade. I n  essence, the ve r t i ca l  stroke phenomenon i s  the reason for the dyna- 
mic i n s t a b i l i t y  o f  the s l u r r y  sawing process and causes major process dis-  
turbances especial ly a t  high stroke rates and cu t t ing  speeds. As a conse- 
quence, measures t o  compensate o r  minimize t h i s  e f f ec t  are essential f o r  
high-eff i c i  ancy s lu r ry  sawing processes, 
From Fiqure 2 the fo l lowing functions concerning the basic geometric and kine- 
matic re la t ions o f  s l u r r y  sawing can be derived: 
a) Maximum ver t i ca l  stroke e: 






----- / I -  _ - - - - . -  L I \ Bl ade 
I 
N //////If /f////// 
Fig. 2: Representation of geometric and kinematic conditions of the slurry 
sawing process /3/ 
b) Velocity of contact point  v~ as a funct ion o f  the simultaneous cu t t ing  
speed v: 
c) f(atio between maximum b133e wear c and maximum workpiece contour d: 
I-] 
Fig. 3: Actual contact conditions between workpiece and saw blade 
The actual contact conditions between workpiece and blade are such tha t  ac t ive  
grains are d is t r ibuted around thc theoret ical  point  o f  contact A covering a 
confined width o f  contact 1~ (F i  ure 3 ) .  Based on cer ta in  assumptions regar- 
ding the grain d i s t r i bu t i on  an a%-- e average depth o f  penetration o f  cu t+ f i ~g  
edges i n t o  the too l  and work material 131, the contact time t~ f o r  which any 
point  of the work surface i s  subjected t o  the lapping act ion resu l ts  to: 
Further analyt ical  investigations have been carr ied out  t o  describe the actual 
width o f  the contact zone 1 K, reveal ing tha t  i t  i s  a complex function of the 
average grain diameter d ~ ,  the cu t t ing  force P I  per u n i t  of blade width, the 
stroke frequency ns, the cu t t ing  time t, the stroke length a, and the width 
o f  the workpiece b. This, however, w i l l  not be deal t  w i th  here, as l k  i s  
cancel led out 5 1 the concourse o f  the ana ly t ica l  der ivat ion of the process 
models, based on the gcounds o f  the already mentioned 1 inear re lat ionship be- 
tween average force per grain and average material removed per edge impact /3/. 
5. Functional Description o f  Process C r i t e r i a  
Based on the geometrical and kinematical fundamentals of the s l u r r y  sawing 
process described above i n  b r ie f ,  the 991 lowing functions re lated t o  the 
main operational process c r i t e r i a  have been derivec; i n  a recent ly fini:\hed 
study /3/: 
a) Depth of cut per stroke of saw blade: 
b) Feed rate: 
c) Specific removal rate: 
d) Maximum blade wear: 
e) Ratio between material removol and blade wear ( r  = alb) : 
f )  Maxilmrm vert ical  stroke: 
The feed ratL f and the specif ic removal ra te Z' show a proportional increase 
versus specific cutt ing force P' = P/bs (P = to ta l  force load per blade, bS = 
width of  blade), stroke length a and stroke frequency ns. The influence of 
the average grain diameter d~ on these two process c r i t e r i a  i s  not c lear ly  
decided and depends on the actual posit ive or  negative volue o f  the respective 
exponent d . On the other hand, the grain concentration C of  the lapping 
suspension does not appear t o  have an influence on these and the other prc- 
cess c r i t e r i a  i n  the context o f  the presented analysis. This resul t  i s  again 
based on the assumed l inear  relationship between average force per g r i t  and 
average material removed per individual edge inpact. However, pract ical  tests 
indicate, that there i s  indeed an optimum grain concentration f o r  given ope- 
rational process conditions. As a coqsequence, t h i s  specif ic re la t ion w i l l  
be checked further, including the application of a non-linear relationship t o  
describe the material removed per individual edge. 
Another resul t  i s  more obvious, proving that the soecif ic removal ra te Z '  i s  
independent from the effectivr. width b o f  the nor,, 3iece. This actual ly mans, 
that f o r  a givenset o f  c u t t i  conditions, thevolume c u t p e r  u n i t  of time 
i s  always the same, indeper :cr,t from the actual width o f  the workpiece. 
Similar structures as derived f o r  feed rates and removal rates have been 
obtained f o r  the process models concerning the wear related process c r i t e r i a  
such as maximum blade wear c, abrasive r a t i o  G, and the maximum vert ical  
stroke e. The l a s t  two c r i t e r i a  show a strong dependency of the stroke r a t i o  
Stroke Ratio r 
Fig. 4: Qual i tat ive representation of abrasion r a t i o  an< vert ical  stroke 
versus stroke rate 
r = a/b (a = stroke length, b = width o f  workpiece). The respective functions 
are displayed qual i ta t ive ly  i n  F i  ure 4, showing that the 6-rat io improves 
degressively with increasing s t ro -!- e r a t i o  r. As a result, tool ing cost are 
decreased, and productivity i n  form o f  increased removal rates could be i s -  
proved, too. On the other hand, however, the disturbing vert ical  stroke e 
i s  increased a t  the some rate versus r, indicating that counteractive mea- 
sures to  reduce the intensi ty o f  e i s  an important requirement i n  case o f  
higher stroke ratios. The same i s  true f o r  higher stroke rates nS, as the ver- 
t i c a l  stroke intensi ty increase proportionally with ns. The abrasive r a t i o  6, 
on the other hand, i s  independent fm ns, because both, the removal ra te and 
the wear rate increase a t  the same rate versus ns, and thus th is  influence i s  
cancel 1 ed out. 
6. Comparison between Analytical Results and Practical Tests 
Sl ic ing test  performed i n  the USA reveal a promiz ing accordance o f  the de- 
r ived process model functions with the tes t  results /I/. I n  F i  ures 5 t o  8 
recorded abrasion rates and cutt ing rates, which are i n  fact  - - - h m T h  1 en ca w 
the specif ic ronooval ra te 2' defined above i n  equation (9) ,  are p lo t te t  ver- 
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Fig. 5: Abrasion ra te  per blade versus blade load i n  slurry sawing / I /  
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Fig. 6: Abrasion ra te  per blade versus width o f  workpiece i n  slurry 
sawing /1/ 
Fig. 7: Cuttig ra te  versus cutting time i n  slurry sawing /1/ 
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Fig. 8: Abrasion ra te  per b1-'e versus s l ic ing speed i n  slurry 
sawing /I/ 
sus various process parameters. Figure 5 shows c l ea r l y  the almost proport io- 
nal increase of the material removal ra te  versus the blade load, while i n  
F i  ure 6 the independence of the removal ra te  from the width of the workpiece fs s emonstrated. Only a t  a small width o f  less than b = 20 mn, the recorded 
removal rates drop, most probably because of an improper generation o f  the 
work contour. The quasi-constant removal ra te  versus cu t t ing  time becomes 
evident from Figure 7. I n  the beginning of the s l i c i n g  process, the removal 
rates are lower due t o  the fact tha t  the proper contours of too l  and work- 
piece are not established yet. With increasing cu t t ing  time, however, the 
mating contours develop gradually, and a t  the same time the removal rates 
increase u n t i l  the optimum, steady-state of operation i s  reached. I n  the tests 
ci ted, a s l i g h t  decrease of the removal ra te  was observed a t  steady-state 
conditions instead o f  the expected constant behavior. Further investigations 
of the s l u r r y  sawing process, which w i l l  be carr ied out as par t  o f  a major 
pract ica l  research program, are scheduled t o  decide whether t h i s  decl i n ing  
tendency i s  a general character ist ic  of the process based on geometrical 
and/or mechanical deviations, such as too l  wear and work contour changes, o r  
whether the observed behavior occured on the grounds of an unident i f ied d is -  
turbancy. Final ly ,  a very c lear  tendency i s  demonstrated i n  F i  ure 8, pro- 
_efi ving the exactly proportional increase o f  the removal ra te  versus t e s l i c i n g  
speed, which on the other hand i s  ident ica l  w i th  an increasing stroke ra te  a 
a t  a constant stroke length b. 
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DISCUSSLON: 
SCWID: Your model is very in t e re s t ing .  When I f i r s t  got  i n t o  t h i s ,  I was 
using the  s l u r r y  saw and was using blades with f ixed diamond on the  bottom. 
And, i n  f a c t ,  it would not cu t .  I f  i t  had any kerf  length a t  a l l ,  i t  
would not cut .  What I d id  was t o  make a step-block, which was a 114-inch, 
112-inch, 314-inch--varying kerf lengths,  t o  s e e  how e f f e c t i v e l y  i t  would 
cu t  f o r  those pa r t i cu l a r  kerf lengths,  and i t  c u t  f a i r l y  well i n  the  
114 inch. Once I h i t  the  half-inch, it  aljrost stopped dead--this was with 
sapphire--and from t h a t  I came t o  the idea of rocking. I could never 
r e a l l y  understand why there  was a s i g n i f i c a n t  d i f fe rence  between c u t t i n g  
with a diamond, the  f ixed abras ive ,  a s  opposed t o  the  loose abrasive,  and 
I think your model expla ins  t h a t  very nicely.  
WERNER: Yes, i t  exac t ly  expla ins  it. I f  you have some kind of l i n e  contac t ,  
your removal r a t e  is very low. The main reason is t h a t  the  contact  be- 
tween work and too l  is too long, and so  the  d i s t r i b u t i o n  of t he  load over 
many thousands of g r i t s  r e s u l t s  i n  a too small load per g r i t  and nothing 
happens. Only i f  the  contour is such t h a t  your real contact  lengths be- 
tween the too l  and the  workpiece is small enough, does the process work. 
SCHHID: It might be i n t e r e s t i n g  to  t r y  a step-block. I d id  t h i s  with sapphire ,  
and saw, i n  f a c t ,  the  114-inch, I was ab le  t o  physical ly  c u t  with it. 
There was movement. It would be very i n t e r e s t i n g  t o  t r y  the  same kind of 
experiment with s i l i c o ~  t o  s e e  what, i n  f a c t ,  is t h a t  contact  length f o r  
the  pa r t i cu l a r  l o t J  chat you're using. 
WERNER: You could increase your load,  t heo re t i ca l ly .  But as i t  begins t o  
buckle, you never ge t  t o  t h a t  high t o t a l  load. But the load per g r i t  is 
high enough f o r  cu t t i ng  ac t ion  t o  s t a r t .  
JACKSEN: Considering, with s l u r r y  saws, the  problem of t h i s  buckling process,  
how would you f e e l  about r a i s i n g  pressure t o  increase  c u t t i n g  r a t e s?  Con- 
s i d e r  t h a t  the  contact  a r e a ' s  being so  small  would r e s u l t  i n  dramat ica l ly  
increased kerf s i z e s  a s  the  p a r t s  s t a r t e d  t o  g e t  e i t h e r  some v ib ra t ion  o r  
some ex t r a  motion i n  the  non-desired edge. That is, is there  some point  
i n  tension,  which would be optimum considering the  80% elongation? 
WERNER: There is an optimum r e l a t i o n  between the s t roke  lengths and the work 
widths. That is roughly i n  the  v i c i n i t y  of 1:l. That means t h a t  s t roke  
lengths and work widths should be the  same. Now, about the  contour i n  
your blade, the  work contour is j u s t  twice a s  long a s  the  work width is. 
I f  you would increase the  s t roke  length,  which has some advantages, then 
you wruld weaken your blade with respect  t o  the danger of buckling. And, 
-. I 
therefore ,  you would r a t h e r  reduce the  s t roke  length and hawe a l s o  a 
* ,  
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smaller  blade length,  and increase--instead of that--the s t roke  frequency. 
i i So i t  he lps  very much t o  speed up the  process,  i f  you can increase the  
q '" load. It helps  a l s o  t o  increase the  s t roke  length. It helps  t o  increase  
i: 
". 
the frequency. But there  a r e  cons t r a in t s  t h a t  are given by the  system and 
' 1 by the machine. And t h a t  is exac t ly  what we a r e  now deal ing with t o  f ind  the  optimum condit ions cf these  p a r t l y  cont rad ic t ing  inf luences of t he  
process parameters. There is some kind of optimum set of working 
condit ions.  For that we need a b e t t e r  machine. 
QUESTION: What do you feel the optimum speed of sawing could be from this 
system if you optimized it? 
WERNER: Actually, the answer is as fast as possible. I would like to have a 
machine that can go up to 200 meters per minute, maximum speed. You see 
the speed goes frora a maximum value to a minimum one. 
QUESTION: You're talking about speed of reciprocation, or speed of sawing? I 
didn't understand. 
WERNER: Speed of sawing and the in-feed velocity. 1 think It is possible, one 
day, to arrive at such speeds that you can cut through a 10-x-10-centimeter, 
or 4-x-4-inch, ingot in less than an hour. 
QUESTION: They are doing that now with diamonds, sawing ID, are they not? 
WERNER: Yes, but one wafer after another. Here you have the same speed for 
300 wafers at the same time, so that results in less than 10 seconds per 
wafer. 
QUESTION: But you also have a changing parameter in this system. That is, 
your blade is changing shape as you're sawing. Does not that variable 
give you a headache in the single-point forces that you're talking about? 
WERNER: Not in the shape itself, but in the accumulation of the compounding 
forces at the end. You come to a point, especially if you have long 
strokes, where you have a disadvantageous kind of wear profile. You have 
a wear profile that is straight and then suddenly breaks off. So you have 
a very strong component force at the end. If you have smaller strokes, 
and faster ones, then your wear profile is more smooth, and you don't 
experience this problem so much. However, in time, these disturbing 
forces grow, and you come to an end where you can no longer continue to 
use your blade system. The best is just to use one blade for one cut, and 
then throw it away and put another set of blades in. 
QUESTION: The shorter the stroke, the worse the problem is with the removal of 
the slurry, and with heat buildup. 
WERNER: That's clear. Because if you reduce your stroke lengths to zero, what 
do you have? Nothing. Actually. your contact point--let's say you have 
1.- or 2-millimeter stroke length--then your point of contact Is switching, 
going from one side of the vorkpiece to the next at the stroke rate; how- 
ever, the real rolling action, because of the small relative motion be- 
tween work and tool, is very very small, and it approaches a eerc removal 
rate 
HEIT: There was reference made to an enrichment in the concentration of the 
slurry as it passed into the work area, the specific pressure section. 
You mentioned that it almost doubled from 10,000 grains per cubic centi- 
meter t 20,000 grains per cubic centimeter. Is there any speculation at 
this point as to why that is happening in the slurry? We have slurries 
that are used in fuel treatment, which behave somewhat along those lines, 
when they have to be forced through narrow apertures. There's a 
distortion in their weight percent. 
WERNER: You see  here  the  speed itf t he  cen te rpoin t  of my g ra in  is h a l f .  So it 
is i n  tune with the  speed of t he  l i q u i d ,  while here ,  t h a t  point  of t he  
c u t t i n g  edge, has  exac t ly  tne  speed of t h e  workpiece and s o  does t he  speed 
of the  outmost l ayer  of t he  l i qu id .  Here tha t  point  of the  p a r t i c l e  has  a  
speed of zero because it s t i c k s  i n t o  the  workpiece, and s o  does t he  l i qu id  
i n  contact  with t he  workpiece. Now, you see t h a t  r e s u l t s  i n  the f a c t  t h a t  
average speed of t he  p a r t i c l e s  is ha l f  of t he  speed of my lapping too l .  
But t he  concentrat ion i n  t he  gap is twice the  concentrat ion of the  p a r t i -  
c l e s  i n  t h e  f r e e  suspension. J u s t  because they a r e  forced t o  go through 
t h i s  gap, which is roughly the average s i z e  of the g r a i n  diameter. 
Because, i n  a f r e e  d i s t r i b u t i o n ,  you never have them a l l  a l igned i n  one 
l i t t l e  gap and l i n e ,  but r a t h e r ,  i f  I had a  model of the f r e e  suspension 
here ,  I would have a  concentrat ion t h a t  could be put i n t o  a  gap dcuble as 
big a s  t h i s  gap, but the  same number of g r a i n s ,  a c tua l ly .  Forcing a  
l i qu id  with s o l i d  p a r t i c l e s  i n t o  a  small  gap, nea r ly  as small a s  the  dia- 
meter of g r i t  i t s e l f ,  r e s u l t s  i n  a  condensation and an increase of the  
concentrat ion of t he  g r i t  i n  t he  f l u i d .  
WOLF: Does t h a t  mean speeding up the f l u i d  ve loc i ty?  
WERNER: You a r e  r i g h t .  Actual ly ,  t he  f l u i d  t h a t  was here  may t h a t  r e s u l t  i n  a 
compression of the  f l u id .  But I think we  have t o  f ind  out  what the answer 
is here.  But we have g ra in s  i n  t he  gap, I ' m  su re ,  and you have a l s o  the  
lapping component, because t h a t  is not  only necessary f o r  g e t t i n g  t h e  
p a r t i c l e s  i n  r o t a t i o n ,  but a l s o  f o r  g e t t i n g  t he  deb r i s  out .  I f  you did 
not have a l i q u i d  vehic le  here ,  w e  never could g e t  the  s i l i c o n  p a r t i c l e s  
out of t h i s  gap and i t  would c log  p r e t t y  f a s t .  
MORRISON: I wonder what the p r a c t i c a l i t y  of continuous o r  per iod ic  blade 
dressing would be t o  overcome the  problem of s t roke  shortening f o r  exces- 
s i v e  blade wear. People shorten t he  s t roke ,  and therefore  shor ten  t he  
b l ade l i f e ,  when the  rounding wear becomes excessive.  Is blade dress ing  
one a l t e r n a t i v e  t o  s t roke  shortening? 
WERNER: Blade dress ing  t o  remove contamination. But changing the  curvature  is 
a problem because t he re  is such a  d e l i c a t e  equi l ibr ium between ihe  working 
condi t ions and the  r i g h t  p r o f i l e ,  t h h t  any dress ing  process would d i s t u r b  
t h i s  equi l ibr ium and would r e s u l t  i n  a  reduction of t he  removal r a t e .  But 
i t  is an i n t e r e s t i n g  poin t  t o  think about blades with f ixed  abras ive  having 
the r i g h t  contour. Of course,  t h a t  is such a  na tu ra l  view t o  put on t h i s  
problem, we a r e  t ry ing  t h a t  and i t  seems t o  work very wel l .  I f  w e  s t a r t  
with a s t r a i g h t  blade with diamond particles, we have a  r a t h e r  slow pro- 
cess ,  e spec i a l l y  i f  t he  workpiece develops a  s t r a i g h t  f l a t  contour too. 
It comes t o  an end and we cannot j u s t  put the pressure on. It's l i k e  a  
sawing process with a  very wide workpiece. However, i f  w e  j u s t  have a  
l i t t le  concave contour on the  t o o l ,  it  works very good. 
BOSOMWORTH: You s t a r t e d  your t a l k  with a  coment  t h a t  you thought t h a t  s h o r t l y  
there  would emerge some techniques t h a t  came c l o s e  t o  meeting the  s o l a r  
c e l l  goals .  I ' d  l i k e  t o  i n v i t e  you t o  comment f u r t h e r  on t h a t  ... you've 
c e r t a i n l y  gone through some fundamental th ings  here  t h a t  would speed up 
multi-wire cu t t ing .  Are we, i n  your opinion, going t o  eee some machines 
i n  the  near fu tu re  t h a t  a r e  g r e a t l y  improved, and where a r e  they going t o  
come froaa? 
WERNER: I ' m  s u r e  t h a t  w e ' l l  s e e  some machines emerging both  i n  t h e  m u l t i p l e  
b lade  s l u r r y  a r e a  and a l s o  w i t h  w i r e s .  
JACKSEN: How about t h e  s i l i c o n  c a r b i d e  p a r t i c l e s  breaking down and perhaps 
caus ing  your c u t t i n g  r a t e  t o  d e c r e a s e ,  because t h e  p a r t i c l e  s i z e s  are 
s t a r t i n g  t o  g e t  smal le r?  I a s k  t h a t  i n  t h e  con tex t  not  on ly  of  s i l i c o n  
but  of fused s i l i c a ,  which is my main i n t e r e s t .  
WERNER: We d i d  not  exper ience  t h a t  over  a  pe r iod  of  30 hours.  Over t h i s  t ime,  
t h e r e  wa. ;lo d e t e r i o r a t i o n  v i s i b l e  w i t h  regard  t o  t h e  average shape and 
s i z e  of t h e  s i l i c o n  c a r b i d e  g r a i n s .  I f  we s e e  t h a t ,  over  a  t i m e ,  c o n s t a n t  
s t r o k e  l e n g t h s  bea r  prcblems, we could t h i n k  about reducing g r a d u a l l y  t h e  
s t r o k e  l e n g t h  by 2% o r  3% and avo id ing  t h e  pounding e f f e c t  a t  t h e  ve ry  end 
of t h e  s t r o k e .  However, t h e r e ' s  no machine a v a i l a b l e  on t h e  market a t  t h e  
moment, where yo: could g r a d u a l l y  reduce s t r o k e  l e n g t h s  i n  p rocess .  
LYNAH: Our machine h a s  infinitely v a r i a b l e  s t r o k e  l e n g t h s .  We can program it-- 
i t ' s  not normally done, bu t  J t  can be programmed t o  change t h e  s t r o k e  l e n g t h  
a s  i t  is sawing. 
LANE: You have t o l d  us  i t  appears  t h a t  the  process  worbs b e s t  w i t h  t h e  curva- 
t u r e .  Are you say ing  t h a t  i f  we could magical ly  make a  machine t h a t  h a s  
p e r f e c t l y  f l a t  b lades  and main ta ins  them, t h a t  we'd have slow c u t t i n g ?  Is 
i t  a  f o r c e  problem? 
WERNER: I f  you want t o  have a  s t r a i g h t  t o o l ,  you can rock t h e  workpiece and 
then you have t h i s  d i f f e r e n c e  i n  c u r v a t u r e ,  and by t h a t ,  a  p o i n t  c o n t a c t .  
It is ,  b a s i c a l l y ,  an  i n h e r e n t  c h a r a c t e r i s t i c  of t h e  p rocess ,  which of 
course  dc ?rids on the  f o r c e  of t h e  m i l l i o n s  of impacts of the  g r a i n s  on 
t h e  t o o l  ,,ld t h e  workpiece. And then ,  i t  s t r e t c h e s  i n  t h e  b lade  over  a  
g r e a t e r  l e n g t h ,  and t h i s  l eng th  is  t h e  width  of t h e  workpiece p l u s  t h e  
s t r o k e  l e n g t h ,  whi le  the  contour  i n  t h e  workpiece is  j u s t  conf ined t o  t h e  
width of t h e  workpiece. So you a r e  bound t o  have a  s m a l l e r  c u r v a t u r e  i n  
t h e  t o o l ,  and a  contour  wi th  a  l a r g e r  c u r v a t u r e  i n  t h e  workpiece. 
LANE: The problem I have i n  unders tanding t h i s  is t h a t  i n  w i r e  sawing t h e  w i r e  
bends. We have conformity and c o n t a c t  through a  very  long a r c ,  and t h a t  
s t i l l  c u t s .  
WERNER: Yes. It c u t s  because of t h e  h igh speed.  And i t ' s  not  a  r o l l i n g  
p rocess ,  nor a s c r a t c h i n g  process.  And i f  you would look i n t o  how many 
diamonds on a wi re  r e a l l y  c u t .  you would be amazed how smal l  t h i s  number 
is. Ac tua l ly ,  t h e  s l u r r y  w i r e  saw system can on ly  improve from t h e s e  r e l a -  
t i v e l y  low c u t t i n g  r a t e s .  I f  t h e  ang le  of c o n t a c t  between t h e  workpiece 
and t h e  wi re  i s  l a rge r - - tha t  means go round 180 degrees--and p u l l  i t  down, 
then you can inc rease  c u t t i n g  width.  I d o n ' t  know whether somebody is t r y -  
ing  t h a t ,  bu t  i t  r e q u i r e s  a  d i f f e r e n t  k ind of machine too.  F i r s t  you have 
t o  have an i d e a ,  and unders tanding of  t h e  p rocess ,  and then you have t o  t r y  
t o  do it .  But what was done over  t h e  pas t  few y e a r s ,  was j u s t  t r y  some- 
t h i n g  wi thout  an idea .  And t h a t  was t h e  reason why t h e  p rogress  was small. 
Maybe I ' m  b iased  because I ' m  working i n  t h i s  a r e a .  I favor  t h e  m u l t i b l a d e  
s l u r r y  technique because wi th  regard  t o  the  d i f f i c u l t i e s  r e l a t e d  t o  t h e  
machl te ,  t o  t h e  t o o l ,  and a l l  t h a t ,  it seems t o  be t h e  l e a s t  compi la t ion  o f  
problems. But wi th  w i r e s ,  you bave a  l o t  of o t h e r  d i f f i c u l t i e s .  Wire 
is very small ,  i t  can break, you have t o  guide t he  wire ,  and a s  it goee 
out  of contac t ,  i t  takes  s l u r r y  with it. You see, i f  you can achieve a 
b e t t e r  r e s u l t  with a s l u r r y  saw, then I think a t  l e a e t  the  people involved 
i n  t h i s  business would fo rge t  the  wire saw. On the o ther  s i d e  I am very 
much in t e r e s t ed  i n  following up progress  on these  wire  saws. 
I n  the I D  sawing process,  i f  t he  workpiece does not r o t a t e ,  of  course,  
you have a l i n e  contact  over the t o t a l  contact  l ength ,  the  t o t a l  width of  
t he  workpiece. And f o r  the  kind of heavy t o t a l  load,  between the t o o l  and 
workpiece, you need bonded abras ives  and you need a very r i g i d  c u t t i n g  
edge. Tha t ' s  the  main reason why i t  is done in t e rna l ly .  OD sawing would 
not  be poss ib le ,  a t  l e a s t  not e a s i l y ,  by t h a t  method, because the t o t a l  
contac t  forces  between the  blade and the  workpiece a r e  too high and such a 
t h i n  saw blade would buckle. 
WALLITT: What i f  you rocked the work while you were doing i t ?  
WERNER: You see, I have t o  point i n  one d i r e c t i o n  alvays.  And the b ig  advan- 
tage of a s l u r r y  saw is t h a t  you can indeed cu t  up t o  300 o r  more wafers 
a t  the  same time. So even i f  the c u t t i n g  time, f o r  one c u t t i n g  process,  
is an hour o r  two, the  r e s u l t i n g  average c u t t i n g  time f o r  an ind iv idua l  
wafer is a few seconds. 10-15 seconds. I t 's  very d i f f i c u l t ,  a t  l e a s t  i f  
you go t o  a l a rge r  c ross  s ec t i on  of your ingots ,  t o  achieve t h a t ,  a s  we 
heard yesterday, with an I D  saw. However, I want t o  make another s t a t e -  
ment. The I D  sawing system, e spec i a l l y  i f  i t  is f u r t h e r  improved, is a 
very good cushion t o  rest on as long a s  o the r  techniques a r e  not a v a i l a b l e  
o r  f a i l .  And I am p r e t t y  sure  t h a t  i f  a high-eff ic iency s l u r r y  technique 
were t o  come through, the  I D  sawing and t o o l  manufacturers would not  sit 
back and jus t  give up. I think then some of the  p o s s i b i l i t i e s  they have 
t o  f u r t h e r  increase  t h e i r  removal r a t e s  and decrease the c u t t i n g  c o s t  
would be t r i e d  out.  You can see  the same kind of competit ion between pro- 
cesses  i n  o ther  f i e l d s  too. And very seldom is one process completely 
wiped out  when another one comes up tha t  does a l i t t l e  b e t t e r .  
SCHMID: A l i t t l e  while ago you made a comment t h a t  when you're rocking with 
fixed-diamond abras ive ,  the  number of p a r t i c l e s  t h a t  a c t u a l l y  a r e  i n  con- 
t a c t  with t h e  work is very small ,  f a r  smaller  than you would expect.  This 
is something t h a t  w e  a r e  t ry ing  t o  achieve,  t o  minimize the a c t u a l  contac t  
po in t ,  s o  we can achieve high pressure a t  the  diamond t i p .  What makes you 
f e e l  t h a t  number of contact  po in t s  is minimal? 
WERNER: A shadowing e f f e c t .  You see ,  i f  you have a saw blade, l e t ' s  take a 
bandsaw where t h e o r e t i c a l l y  the  blade goes down v e r t i c a l l y  and you have 
c u t t i n g  edges a l l  a l igned a t  t he  same l i n e ,  t h e o r e t i c a l l y  only one can c u t .  
So you need a c e r t a i n  d i s t r i b u t i o n  of c u t t i n g  edges i n  a small f i e l d .  I n  
a normal bandsaw operat ion,  not  more than a t en th ,  o r  even l e s s  of t he  
t e e t h ,  r e a l l y  cut .  That goes on u n t i l   re one t h a t  protrudes most is worn 
away, and then t h a t  which follows next ,  a t  a c e r t a i n  pos i t i on ,  takes  ow r 
the  cu t t i ng .  That is  t r u e  f o r  gr inding too. Espec ia l ly  i n  t h i s  plunge I D  
process. It is poss ib le  t h a t  on the  whole c i rcumferen t ia l  a r ea  of the  
wheel, from the many thousand g r i t s  only a few hundred a r e ,  a t  a c e r t a i n  
point  of time, r e a l l y  cu t t ing .  And t h a t  expla ins  why t he  too l  l i f e  is 80 
high,  i n  my view. So the  number of engaged edges i n  gr inding,  and I d e a l t  
with t h a t  problem i n  conventional gr inding very much, is much smaller  than 
you think. With the  wire sawing proceee, where  yo*^ have this pioblem of 
ge t t ing  enough norm81 force on your edger, one way out  is  t o  have fewer of 
them r e a l l y  working, and taking the load off a ce r t a in  length of the wire. 
SCHnID: Yes. Rocking it. And the  other thing, of courre, is t h a t  by going t o  
a f i n e r  p a r t t c l e  r i te,  we raw a much more e f fec t ive  cu t t ing  act ion.  By 
going t o  a f i n e r  pa r t i c l e  s i z e ,  the  number of contact points is going t o  
be increased substant i a l l y  . 
WERNER: It always helps t o  know how mmny edges i n  a microchip formation type 
of process a r e  i n  r e a l  contact with the workpiece. I n  most of these pro- 
cesses it is very unclear. We have very l i t t l e  means of cal:.ulating o r  
measuring the r e a l  number engaged. I f  you understand the process well ,  
t ha t  understanding might a l s o  force you t o  give up. 
SCHnID: Yes. The other thtng tha t  you can do t o  minimize your number of 
points i n  contact t o  increase the pressure is i n  f a c t  t o  have a larger  
rocking angle, which w i l l  minimize the curve. 
WERNER: Yes. The end cut t ing  speed helps also.  You can, t o  a ce r t a in  extent ,  
overcompensate t h i s  deficiency of low forces by a higher speed. 
